Abstract Observations are reported on (i) groundwater recharge rates under various types of vegetation as measured with megalysimeters in the dunes, (ii) freshwater lenses along the Dutch North Sea coast in the early 1900s, and (iii) rainwater lenses that develop on top of laterally migrating, artificially recharged riverwater. Subsequently analytical methods are presented to estimate annual natural groundwater recharge as function of rainfall and vegetation, and to calculate the size, shape and transition zone of freshwater lenses on saline groundwater and rainwater lenses on infiltrated riverwater. An empirical correction factor, based on the hydraulic resistance of an aquitard within the freshwater lens, is proposed to account for the frequently observed reduction of the GhybenHerzberg ratio of 40. This factor raises the groundwater table, reduces the depth of the fresh/salt interface and increases the lens formation time. The suite of methods offers a tool box for knowledge based water management of dune systems, by rapidly predicting: (i) more or less autonomous changes due to sealevel rise, climate change and vegetation development; and (ii) the potential (side) effects of interventions. Knowing what happened or will happen to the fresh water lens or a rainwater lens is important, because changes impact on important natural habitat parameters such as salinity, depth to groundwater table, decalcification rate (and thus on pH, Ca/Al, PO 4 , NH 4 ) and nutrient availability, and on drinking water supply. The analytical models are applied to predict effects of sealevel rise, coastal progradation, vegetation changes, and increased temperature of coastal air and river water to be infiltrated.
Introduction
How to safeguard and manage coastal dune areas, is becoming a very urgent question necessitating international knowledge exchange, multidisciplinary research and action (among others: Van der Meulen et al. 1989; Bakker et al. 1990; Salman and Bonazountas 1996; Herrier et al. 2005; Geelen et al. 2015) . The urgency is first of all dictated by a worldwide coastline erosion or retreat due to sealevel rise, land subsidence or human drivers of land loss (Bird 1981; Hansom 2001; IPCC 2007) . Narrowing of the dune width will result in a drawdown of the groundwater table and shrinking of the fresh water lens (Bakker 1981; Stuyfzand 1993; Oude Essink 1996) , with further consequences for vegetation cover and groundwater abstraction.
Other reasons for urgency are composed of climate change conducing to global heating, locally more rainfall and more frequent droughts and extreme rainfall events (IPCC 2007) , intensifying anthropogenic pressures (Curr et al. 2000; Brown and McLachlan 2002; Defeo et al. 2009 ), a still too high atmospheric deposition of NO X and NH Y (Grootjans et al. 2013; Kooijman et al. 1998) , and lack of aeolian dynamics (Arens and Geelen 2006; Geelen et al. 2015) with resulting irreversible decalcification and acidification (Grootjans et al. 1997; Stuyfzand 1998) .
In this contribution, the focus is on the genesis, occurrence and analytical modeling of freshwater lenses on saline groundwater and rainwater lenses on infiltrated riverwater. Freshwater lenses are formed by rainfall and infiltration on land with saline water in the underground. They can be very small (few meters diameter, <1 m deep) below embryo dunes on the beach, and very large (100 km long, up to 5 km wide, and up to 140 m deep) along wide dune coasts such as in the Western Netherlands (Stuyfzand 1993) . These lenses are extremely important for fresh water supply to among others phreatophytic plant communities, wildlife and man.
Rainwater lenses form where rain is falling and infiltrating on land next to infiltrating water courses such as recharge basins or influent rivers. The term is generally used to denote a thin, shallow layer of nutrient-poor, autochthonous groundwater or acid groundwater similar to rain water, on top of laterally migrating, eutrophic, slightly more mineralized groundwater of fluvial or lacustrine origin. The presence of sufficiently thick rainwater lenses is important for the survival of rare plant species in wet dune valleys adjacent to recharge basins, because phreatophytes like reeds can reach and profit from the more eutrophic, infiltrated surface water below thin lenses and thus overshadow rare plant species (Van Dijk 1989) .
Groundwater recharge by rainfall is a very important parameter in modeling both lens types. In this paper, the results of 60 years of monitoring at megalysimeter station Castricum are presented, and used to develop a simple approximation method for annual recharge as function of rainfall and 11 types of vegetation.
Field data of Dutch coastal freshwater lenses in the early 1900s are presented to show details of their accurately measured size, shape and transition zone in relatively undisturbed condition, and to derive a new, closed-form analytical solution to account for the often neglected presence of an aquitard within (!) the freshwater lens, which reduces the GhybenHerzberg rati o. Solutions for various idealized hydrogeological settings by among others Verruijt (1971) , Fetter (1972) , Bakker (1981) , Huisman and Olsthoorn (1983) , Vacher (1988) , Stuyfzand and Bruggeman (1994) , Chesnaux and Allen (2008) and Greskowiak et al. (2012) are also presented here, in order to supply a tool box for knowledge based water management of dune systems, by yielding insight into: (i) more or less autonomous changes due to sealevel rise, climate change and vegetation development; and (ii) the potential (side) effects of interventions.
Interventions could consist of for instance the reduction of vegetation density, artificial recharge or coastal progradation by large scale beach or foreshore nourishments. In the Netherlands, coastal defence policy changed in 1990 from defensive to offensive, by applying large scale nourishments using sand from the North Sea floor about 20 km offcoast (Hillen and Roelse 1995; Grunnet et al. 2004; Vidal and Van Oord 2010; Huizer et al. 2016) . Also in the Netherlands, salinization and desiccation of its coastal dune aquifers have been largely reversed since the mid 1950s, by large scale artificial recharge using pretreated Rhine and Meuse River waters (Stuyfzand 1993 ).
Material and methods

Field sites
The field sites are situated in the coastal dune area at the edge of the Rhine delta, in the southeastern marginal part of the North Sea basin ( The climate can be defined as a temperate, rainy, marine climate. The predominant wind blows from the southwest, mean air temperature is about 11°C and mean annual precipitation amounts to 0.82 m. Geological formations to a depth of 50 m (in the south) and 450 m BSL in the north consist of unconsolidated sediments of Quarternary age, deposited in (peri)marine, aeolian, paludal, fluvial, peri-glacial and even glacial environments (Jelgersma et al. 1970; Zagwijn 1985) . Along the coast above 2 to 5 m BSL, the deposits generally consist of dune sand on top of beach and shallow marine sands. Holocene aquitards composed of very fine silty sand, clay or peat, often somewhere between 7 and 20 m BSL, frequently separate the upper phreatic aquifer from the semiconfined second aquifer below (Stuyfzand 1993) .
Groundwater abstraction from the phreatic dune aquifer, mainly for drinking water supply, started in 1853 on site 15 (Fig.1) , after which other sites followed. Growing water demands stimulated the exploration and exploitation of the semiconfined, deeper aquifer in the early 1900s. In the mid 1950s salinization forced the water supply companies on most of sites 12-21 to apply artificial recharge with pretreated surface waters mainly deriving from the Rhine River and Meuse River (Stuyfzand 1993) .
Near Bergen aan Zee (between site 10 and 11 in Fig.1 ), the so-called calcium carbonate transtion zone separates calcareous dune sand (3.5 % CaCO 3 ) in the south from calcite poor dune sand (0.5-1.0 %) in the north (Eisma 1968; Stuyfzand et al. 2012) .
Lysimeters
The 4 M-lysimeters are situated~1 km to the west of Castricum and 2 km to the east of the North Sea beach, near site 12 (Fig.1) . They belong to the drainage type (not weighable) and form together the largest lysimeter combination in the world (each lysimeter being 25 × 25 m and 2.5 m deep). They are also unique regarding their hydrological setting, because they are located in calcareous coastal dunes with the following set of natural vegetation types: bare sand (lys.1), dune shrub (lys.2), oaks (lys.3) and pines (lys.4).
Groundwater observations
In the early 1900s exploratory wells for the deeper fresh groundwater reserves in the coastal dune areas often applied temporary, 1 m long well screens which were installed and subsequently withdrawn during bailer drilling of monitor wells up to 350 m deep. This yielded very detailed, vertical hydraulic and hydrochemical logs of the fresh water lens in relatively little disturbed conditions prior to large scale extraction for drinking water supply (Stuyfzand 1993) . Monitoring wells were and still are constructed by installing several (mostly 5-10) piezometers of 1-2 m length in one borehole often 80-150 m deep, with clay plugs in between and where aquitards are pierced. A unique number of observation wells accrued thanks to (i) needs for exploration, monitoring of salinization and of the spreading of recharged surface waters, (ii) research into the behavior of pollutants in infiltrated surface waters, and (iii) investigation of hydroecological conditions which worsened due to dessication or eutrophication.
Some of the deeper wells constructed after 1970 have been equipped with many resistivity sensors to facilitate monitoring of the fresh/salt interface. Also, geophysical borehole logs were made directly after drilling to provide detailed images of the salinity gradient, while above ground geo-electrical surveys in the 1960s to 1980s filled up some spatial gaps.
Since the late 1970s multilevel observation wells w e r e i n s t a l l e d o n v a r i o u s s i t e s f o r d e t a i l e d hydrochemical profiling, using 25-30 miniscreens in wells 25-35 m deep. Research since the 1980s followed strict sampling, preservation and analytical protocols (Stuyfzand 1993) . Table 3 , with details of lysimeter station Castricum. Background map of Netherlands with Holocene deposits according to Berendsen and Stouthamer 2001 Groundwater recharge Observations Lysimeter station Castricum was constructed in 1936-1940, after which a period followed of 60 years of intensive monitoring of meteorogical parameters, gross precipitation (P), drainage quantity (Q = groundwater recharge R) and drainage quality. Some of the hydrological (and hydrochemical) results were evaluated by among others Penman (1967) , Minderman and Leeflang (1968) , Tollenaar and Rijckborst (1975) , Stuyfzand (1987 Stuyfzand ( , 1993 and Stuyfzand and Rambags (2011) .
The vegetation of mega-lysimeters 1-4 is more or less representative for large parts of the coastal dunes, with bare sites more frequently occurring close to the coast, dune shrub more in the central parts and the trees most inland. Important to notice that the groundwater table within the lysimeters can only fluctuate between 2.25-2.50 m below ground surface (no groundwater when 2.5 m). This limitation does not hold outside the lysimeters.
The hydrological year, defined as a period of 12 consecutive months with the best correlation between gross precipitation and discharge, appeared to be for the lysimeters the period March-February (Stuyfzand, 1986) .
Hydrological maturity was attained in 1953, because since then the hydrological effects of continued growth of vegetation on lysimeters 2-4 did not affect the P-Q relationship any more, mainly because growth was compensated for by periodical thinnings. The vegetation was planted or seeded in 1940-1941, and The most important hydrological results are displayed in Fig.2 , showing the logarithmic P-Q relations for the 3 vegetated lysimeters since hydrological maturity (46 years), and for the bare lysimeter since the start (56 years). These relations are based on regression analysis with P measured in the open field (both near lys.1 and at the pumping station; Fig.1 ). They strictly hold for hydrological years, thus without further refinements to account for delayed drainage after long dry periods.
Modeling
The 4 relations in Fig.2 have been extended to cover 7 more types of dune vegetation cover, all together forming a 1-11 scale (Table 1) with increasing evapo(transpi)ration losses and evapoconcentration of solutes (P/R). The additional 7 relations were obtained by extrapolation of data from small lysimeters (1 × 1 m, 1-4 m deep) operated in various dune areas in the period 1920-1970 and from literature data (Bakker 1981; Stuyfzand 1993 ).
The annual groundwater recharge under vegetation cover N (1-11) is estimated, for hydrological years (MarchFebruary) , by the following equation: 
Effects of climate change and changes in vegetation cover
In the Netherlands, Climate Change (CC) is expected by KNMI (2015) , in the worst scenario for the years 2050 and 2085 AD, to increase annual air temperature, gross precipitation (P), evapotranspiration (E) and sea level as indicated in Table 2 . The prediction for groundwater recharge (R = P-E) therefore remains close to constant, if exclusively dictated by meteorological conditions, and if seasonal changes in the timing of rainfall and evapotranspiration are ignored. However, vegetation cover is likely to change, either by increased summer droughts, forest fires, invasion of exotic species or increased attempts to reduce biomass in the eutrophying dunes. Those changes are far more decisive in what will happen to R! Eq.1 and Table 1 offer a rapid way to estimate what may happen if a specific vegetation change is aimed at or predicted, while accepting the predicted average P value. For instance, an increase of P from 850 in 1995 to 918 mm/a in 2100 together with a mean decrease of vegetation from type 6 to 4, would yield an increase of R from 340 to 542 mm/a. This specific estimate is, of course, handicapped by lack of knowledge of the combined effects of among others the rise of atmospheric CO 2 concentration, and the climate change induced temperature rise, with changes in vegetation and seasonal rainfall distribution.
Fresh water lenses Observations
Fresh water lenses in coastal environments can be classified on the basis of their shape and boundary conditions (Fig.3) . Annular systems do not occur in the Netherlands, they can be found on atolls. In the Netherlands, most systems in coastal dunes are elongated, asymmetrical, semi-forced and either isolated or salt-nested (Table 2) . Their size and shape have been explored since the early 1900s, when the phreatic groundwater reserves were depleted and became insufficient. A very compact summary of these investigations is shown in Table 3 , together with important boundary conditions.
Observations on the growth rate of a fresh water lens and the mixing zone between fresh and salt groundwater are integrated with their modeling results and discussed there.
Modeling symmetrical, free, isolated lenses
The position of the groundwater table and subterranean fresh/ salt interface can be calculated on the basis of simple 2D analytical approximations, which build on the DupuitGhyben-Herzberg principle of fresh groundwater floating on stagnant salt groundwater (Fig.4) . When equilibrium has been reached (steady state; t = ∞), this principle states (Ghyben 1889; Herzberg 1901) :
where: H = depth to sharp fresh-salt water interface in equilibrium ( Table 1 Annual groundwater recharge (R) for Dutch coastal dunes as function of gross precipitation (P) and vegetation cover (N), in order of increasing (evapo)transpiration (E). Based on Fig.2 
The ratio H/h for standard mean ocean water with ρ S = 1.025 becomes 40, whereas for the Netherlands with coastal North Sea water often being 1.020-1.021, a value of 47-50 would be expected.
The analytical approximations imply a uniform, constant natural recharge of the land surface, a simple morphology and geometry of the strip of land recharged by precipitation, a homogeneous, isotropic aquifer system, a sharp fresh-salt water interface, and steady, uniform salt water conditions (Fetter 1972; Bear 1979; Vacher 1988) . In reality, such conditions are never met. Aquitards are frequently observed in the aquifer system, which reduce the depth to the fresh/salt interface (H) as predicted by Eq.2, and raise h (Fig.4) .
Two ideal cases are frequently discerned for free fresh groundwater lenses on saline groundwater: an infinite elongate (strip) island or coastal barrier, and a perfectly circular island. For these systems, the analytical solutions according to for instance Fetter (1972) read: Fig. 3 Classification of coastal dune groundwater flow systems, on the basis of their shape and several boundary conditions. From: Stuyfzand (1993) ( Fig.4) or from center of circle [m]; K = mean hydraulic conductivity of aquifer system [m/d]. h X is calculated from H X via Eq.2. Important to notice is that K strongly depends on (water) temperature, due to fluid density and viscocity effects, according to Olsthoorn (1982) :
where: K t1 , K t2 = mean hydraulic conductivity of aquifer system at temp = t 1 and t 2 (°C), respectively [m/d]; ν t1 , ν t2 = kinematic viscosity of water at temp = t 1 and t 2 , respectively [m 2 /s]. The time needed to form a fraction (p) of the fresh groundwater lens in equilibrium (t P in days), i.e. the growth curve, is approximated by equations given by Huisman and Olsthoorn (1983) :
where: Atanh (p) = inverse of tangent hyperbolic of p = 0.5 ln {(1 + p) / (1 -p)}; p = fraction of full grown fresh groundwater lens = H t=t / H t=∞ [0 -<1]; ε = effective porosity [−] .
As an example, Fig.5 shows how h, H and t 0.99 depend on the width (B) of an elongate dune strip, under the indicated conditions. The relations are nearly linear.
The predicted and observed growth curve of a freshwater lens is shown in Fig.6 for a low lying sandy strip island (Veermansplaat; site 20 in Table 3 ), situated in a saline estuary (Grevelingen) that was closed off from the sea in 1970 by a dam, while maintaining a rather constant salinity of 16,200 mg Cl/L and being excluded from tidal effects. Eq.6A performs very well not only on site 20 (B = 475 m), but also in the small sized sand tank experiments (0.8 m) by Stoeckl and Houben (2012) .
The age distribution within a steady state, fully developed lens differs from the one during continued growth (Eq.6), because during steady state all flow is directed towards the exfiltration sides, thus extending most flowlines and increasing the age. The age depth distribution can be approximated for a steady state dune strip by applying the following equation (Eq.18 in the Appendix of Stuyfzand and Bruggeman 1994) to selected distances (X) within the width of the lens, after replacing z by z' = z H X / H 0 with z and H downward positive [m]:
The groundwater travel time equation for a strip island with a free, isolated lens, as presented by Chesnaux and Allen (2008) and Greskowiak et al. (2012) , yields practically identical results. The stratification pattern of groundwater ages as depicted in Fig.7 was confirmed by sand tank experiments by Stoeckl and Houben (2012) . Field evidence of groundwater age stratification in coastal dunes is available from Stuyfzand (1993) , Röper et al. (2012) and Houben et al. (2014) .
Modeling symmetrical, semi-forced, isolated lenses
In reality, the presence of intercalated aquitards may strongly disturb the H/h ratio (Fig.4-5) , by increasing h and t 99 in a stable lens (over time), and decreasing H. In addition, a submarine fresh water tongue will form below the aquitard (Fig.4) with length L. The length of this tongue can be estimated for a free water lens by Van der Veer (1977) and for a semi-forced lens by Bakker (2006) , but good field data for verification of their methods are lacking. The increase of h and t P , and decrease of H as function of the hydraulic resistance to vertical flow (c V ) can be estimated as follows, on the basis of the observed H/h ratio of many fresh water lenses in the Dutch coastal dune area prior to large scale groundwater abstraction (Table 3) :
with:
The factor f C varies from 1 (zero vertical flow resistance) to 5 (high c V ). Effects of these corrections are also shown in Fig.5 , for c V = 1500 d.
The factor f C can be tested against observations (Table 3 ) by comparing the observed ratio H/h with the calculated ratio H C / h C = α / (f C 2 ). The relation between both is quite satisfactory (R 2 = 0.88), if realized that the data in Table 3 are to some degree biased by effects of (i) pumping, forestation, urbanization or land reclamation inland; (ii) coastal retreat or progradation; (iii) flow parallel to the coast; and (iv) discontinuity or heterogeneity of the main aquitard. Also, the c V of only the main aquitard separating the phreatic from the semi-confined aquifer was taken (mostly based on reported pumping tests), thus excluding effects of deeper aquitards within the fresh water lens (if present). Their inclusion, however, worsened the performance of the calculated ratio, so they were left out.
Modeling symmetrical, forced lenses
When the fresh water lens in a phreatic aquifer is resting on an impermeable base (aquiclude), then the situation becomes as depicted in Fig.8 and as discussed by Fetter (1972) and Vacher (1988) . Bakker (1981) presented the following solution for a strip island (his factor 40 replaced here by α), in which the inland salt water tongues (L S ) are playing an important role:
with 
Modeling the transition zone
Where fresh and salt groundwater meet, or dune groundwater and infiltrated Rhine River water (see later section), always a mixing zone between both water types will form. In case of stagnant waterbodies the mixing is driven by diffusion, and in case of flowing waterbodies it is mainly driven by dispersion. Even if the surrounding saline groundwater is (quasi)stagnant on a large scale (ignoring tidal effects), along the interface this water is dragged in the flow direction of the fresh water, so that transversal dispersion becomes the main mechanism. Bear and Todd (1960) and Verruijt (1971) simulated the transversal dispersion across a steady interface of two fluids moving at equal velocity in the same subhorizontal direction in an isotropic aquifer, with zero mixing at the starting point of flow (Fig.9) as follows:
Other boundaries can be applied for the transition zone, for instance when comparing calculations with field observations, such as D l0-90 = 3.60 √(α T X), D 20-80 = 2.39 √(α T X), etc.
As an example, 2 chloride logs are presented in Fig.10 , one close to the deep groundwater divide at that time (750 m seaward in 1912) and the other about 1500 m seaward. An excellent agreement is obtained with the calculated transition zone for well 19 A.19, using Eq.14 with X = −750 m, α T = 0.01 m and 30 and 17,000 mg Cl − /L for the fresh dune and salt North Sea end members. Discrepancies between the observed and calculated log for well 19 A.18 can be attributed to residual brackish groundwater in a local clay layer at 45-64 m BSL, and an overall slightly lower hydraulic conductivity and higher dispersivity than around 19 A.19. The calculated, extremely thin zone below and fringing the deep groundwater divide (Fig.9) , does not match with observations (Stuyfzand 1993) . Longitudinal dispersion during vertical flow (which is dominating there) and changes in the position of the groundwater divide and water table are likely responsible for this. 
Effects of sea level rise with coastal erosion
In the following we assume that sea level rise (SLR) will lead to inundation of land along the coast according to the existing topography, without countermeasures by man and without natural adaptation of the coastline. SLR then leads to a direct reduction of the area above sea level where rainwater previously recharged the fresh water lens. The inherent shoreline retreat (SOR; m) can be approximated as follows:
where: SLR = Sea Level Rise [m]; I T = seaward slope of beach [−] . This retreat leads to a decrease in width of the recharge belt, which reduces the width of an elongate strip (B) or the radius of a circular island (r), thereby leading to a smaller size of the fresh water lens after equilibration to the new situation. The new situation can be easily calculated with Eqs.2-17 by taking: B SLR = B -SOR for a coastal dune strip system bordered on one side by the sea and on the other side by not inundated marsh land or a polder; B SLR = B -2 SOR for a coastal dune strip bordered on both sides by the sea; and r SLR = r -SOR for a circular island. The parameters B SLR and r SLR stand for B and r after SLR respectively.
The effect on the groundwater table is calculated by taking into account that base level rose by an amount equal to SLR, either on one or both sides.
The case, with a unilateral SLR and an elongate dune strip on the mainland, creates tilting of the fresh water lens, which complicates the calculations as outlined before, when aiming at more precision. The groundwater divide will shift seaward due to inland tilting of the fresh water lens (Fig.11c) . This means that the seaward flow branch becomes shorter and the inland flow branch longer. The net effect of this is that more fresh groundwater is lost by transversal mixing (Fig.11c) . In the simplified approximation as applied here, we calculate the depth of the fresh/salt interface H via Eq.4A with B SLR = B -SOR and with addition of Δh [m], which is defined as the fictive linear change in base level of the groundwater table between mean sea level and the adjacent polder level (PL; m BSL):
With this new H 2 (= H + Δh ) the new position of the groundwater table (h 2 ) is calculated by taking:
For example, if sea level would rise with 1 and 5 m respectively, where the coastal belt was 2500 m wide, sea floor inclination 7 m/km and PL = 0, then the fresh water lens would change its size and shape as indicated in Fig.11 . In scenario A the coastal barrier is attached to the mainland where the saline groundwater table remains equal to the initial (current) sealevel (Fig.11a) , in scenario B it is surrounded by the sea on both sides (Fig.11b) . Upon sealevel rise the lens becomes salt-nested in case of scenario A, but remains isolated in case of scenario B. Under the given conditions it is calculated that in scenario A the coast will retreat on one side by 143 and 716 m respectively, and in scenario B it will retreat by these numbers on both sides. This reduces the width of the barrier system very significantly.
In scenario A the midway depth of the fresh/salt-interface (H 0 ) will decrease by 7 and 36 m, and the midway groundwater table (h 0 ) will rise with 0.37 and 1.83 m, upon an SLR of 1 and 5 m respectively. The volume of fresh groundwater (Cl =30-150 mg/L) will decrease by 12 and 55 %. In scenario B Effects of coastal progradation SLR may be accompanied by coastal adaptation composed of spontaneous accretion of the beach barrier and tidal flats, or by anthropogenic beach nourishment. In this section, the same 'basic' hydrogeological system is addressed as in scenario A, but now the SLR is limited to 1 m and is combined with a preventive, initial seaward coastal extension of 0, 200 and 600 m respectively, by sand nourishment. The resulting net coastal expansion then becomes −143, +57 en 457 m respectively. Under these conditions it is calculated that the fresh water lens will change its shape and size as indicated in Fig.11d .
Clearly, the overall effects of SLR and sand nourishment are most prominent along the expanding coast. The largest part of the expansion of the fresh water lens will probably take several decades, as can be deduced from the growth curve of the lenses, and the difference between t 99 of the various lenses shown.
Effects of other environmental changes
Other environmental changes with an impact on the fresh water lens consist of changes in groundwater recharge (R), hydraulic conductivity (K), hydraulic resistance to vertical flow (c V ), and density of fresh (ρ F ) and salt (ρ S ) groundwater.
An increase of R, resulting from for instance more rainfall because of climate change (Table 2) , or less evapo(transpi)ration because of decreasing vegetation, or less groundwater extraction, will lead to expansion of the lens (Eq.4).
The effects of a permeability increase when temperature rises due to either climate change (Table 2) or less vegetation (Pluhowski and Kantrowitz 1963) , are more difficult to foresee, because of simultaneous effects on water viscosity and density, and the contrary effects of an increase of K (Eq.4) and decrease of c V (Eq.8-9). Nevertheless, the effects on permeability K (Eq.5) outweigh the effects on water density (Eq.3) and c V (Eq.5 and Eq.11), so that the lens will shrink.
An increase in the density contrast between fresh and salt water, for instance by less coastal dilution of oceanwater due to reduced river outflows, will conduce to shrinkage of the freshwater lens. The effects on hydraulic conductivity can be ignored. Environmental changes usually are complex involving many parameters, necessitating to apply the full fledged suite of analytical solutions presented.
Neglected mechanisms
We neglected several mechanisms that may enhance or reduce the predicted effects of the scenario's modeled. For instance, the prediction of a strong rise of the groundwater table in case of SLR or sand nourishment may be counteracted by the following mechanisms: (i) the development of more vegetation which evaporates more water, thus reducing R; (ii) the genesis of (more) open water, leading to more evaporation losses and to the so-called open-water-effect; and (iii) drainage of surface water from the area, to the sea or hinterland.
These mechanisms also counteract any predicted lowering of the groundwater table.
Sea level rise may lead to coastal erosion which adds to the effects of inundation, but it may also deposit sand when sea currents and wind directions are favourable. Tectonic movements and land subsidence by clay compaction, peat oxidation or even decalcification strongly interfere with SLR; subsidence will enhance SLR effects.
Opportunities
Sand nourishment on a very large scale, such that the coastline will move seaward by many 100 s of meters, has 2 important beneficial side-effects (in addition to coastal protection against SLR). The first is that the inland hydraulic gradient of the salt groundwater under the fresh water lens is reduced. This slows down the higher salinity North Sea water intrusion, which is replacing the lower salinity, relict Holocene lagoonal groundwater (Stuyfzand 1993 ).
The second is that an expanding fresh water lens may reach an important aquitard, thus closing off that aquifer from lateral sea water intrusion. The lens thereby acts as a natural hydraulic barrier, at least in that aquifer.
Rainwater lenses Observations
A nice example of a well developed rainwater lens is shown in Fig.12 , where Rhine River water is flowing below the lens from the influent recharge canal towards the draining Van der Vliet canal at X = 800 m (site 15 in Table 3 ). The lens and transition zone between the 2 fluids (with 10-90 % mixing) are both clearly expanding downgradient. Flow-through lakes, which are numerous on sites 16-17 in between the infiltration and exfiltration zone of riverwater, may strongly disturb a rainwater lens which is forced to exfiltrate in the lake together with the underlying river water and mix there (Stuyfzand 1993) .
Discerning rainwater lenses is a matter of multitracing and using multilevel wells (with very short well screens (1-10 cm). The rainwater lens could be easily discerned from the infiltrated Rhine River water in Fig.8 , by its lower Cl concentration and even more unambiguously by its lower 18 O and lower Cl/Br-ratio (Stuyfzand 2010) .
Modeling
The thickness of a rainwater lens and its mixing zone (Fig.13) can be accurately calculated using the following set of equations (Stuyfzand and Stuurman 1985; Stuyfzand 1993) : The mixing zone D 10-90 due to transversal dispersion was very well predicted by Eq.25 with a very low α T being 0.0025 m (Stuyfzand and Stuurman 1985; Stuyfzand 1993) .
Effects of climate change
The main relevant effects of CC on rainwater lenses in and around artificial recharge areas using basins, consist of a temperature increase affecting K and c V (= (Z 1 -Z 2 )/K V ) via Eq.5, and a change of R, which mainly depends on vegetation as discussed earlier. How such changes affect D X is shown in Fig. 14. The temperature is expected to increase for Rhine River water in year 2100, by about +5°C (+4°C being the increase in air temperature, and +1°C resulting from increased needs of cooling capacity).
A temperature increase clearly results in a relatively small decrease of D X , because the riverwater with a lower viscosity will flow faster and thereby reduce the formation time of the rainwater lens. The effect will be delayed, however, by a factor~1.9, which is the observed (Olsthoorn 1982) and calculated (Huisman and Olsthoorn 1983) retardation factor for temperature fronts in a sandy aquifer with porosity 0.35.
Another side-effect of CC is an expected increase in the frequency and duration of intake stops of riverwater to be pretreated and transported to artificial recharge areas 12-13, 15-19 and 21 (Table 3) for drinking water supply. The main reason of this is the expected increase in frequency and duration of low flow periods of the Rhine River and Meuse River, during which the rather steady water pollution load is far less diluted by base flow, storm water runoff or snow melt. The resulting interruption of artificial recharge and continued withdrawal of groundwater from the dunes may disturb the presence of rainwater lenses.
Conclusions
About 60 years of measurements with the 4 M-lysimeters near Castricum, each with a different, typical dune vegetation, yielded a very significant relation between the annual drainage quantity and annual rainfall, for each. Together with additional data from other studies, these relations formed the basis for a simple approximation of annual groundwater recharge in coastal dunes as function of annual precipitation and 11 vegetation types. The method should perform well along Atlantic sandy coasts with temperate climate.
Along the Dutch North Sea coast, freshwater lenses on salt groundwater were studied in the early 1900s, when they were still little disturbed by among others groundwater pumping. Evaluation of the very detailed and high quality data revealed that the Ghyben-Herzberg ratio of 40 is only rarely encountered. On 21 coastal locations, the observed ratio was 18.6 on average, while ranging between 6 and 46. With an average salt water density of 1.020 kg/L, both below the lenses and along the Dutch coast, a ratio of 50 would be expected. The main reason for the much lower ratio consists of the presence of intercalated aquitards within the freshwater lens. This triggered the development of the here proposed, empirical correction factor for the height of the watertable, the depth to the fresh/salt interface and the lens formation time, as calculated with well known, closedform analytical solutions from the literature.
A closed-form analytical solution is also presented for rainwater lenses that form where rain is falling and infiltrating on land next to infiltrating freshwater courses such as recharge basins or influent rivers.
All analytical solutions presented in this paper, can be easily applied to simulate or predict the effects of various environmental changes, such as sea level rise with coastal erosion, coastal progradation by sand nourishment, changes in groundwater recharge, an increase of hydraulic conductivity by a temperature increase, and changes in density of fresh or salt groundwater. 
